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a b s t r a c t

A search of the recently sequenced Rhizopus oryzae strain 99–880 genome database uncovered 18 puta-
tive polygalacturonase genes with two genes being identical and only one with similarity to a previously
reported R. oryzae polygalacturonase gene. The 17 different genes share 50% to greater than 90% identity
at the nucleotide level as well as the deduced protein sequence level. The cDNA of the different genes was
isolated directly or recombinantly and used to express the encoded proteins in Pichia pastoris. Recombi-
nant protein expression demonstrated that 15 of the 17 genes encode active enzymes with twelve genes
encoding for endo-polygalacturonase enzymes and three genes encoding for exo-polygalacturonase
enzymes. Phylogenetic analysis indicates that the genes form a distinct monophyletic group among fun-
gal polygalacturonase enzymes. Finally, our results also suggest that the ancestral form of polygalacturo-
nase in fungi is endolytic and exolytic function evolved later, at least two independent times.

Published by Elsevier Inc.
1. Introduction

Endo-polygalacturonase (E.C.3.2.1.15) and exo-polygalacturo-
nase (E.C. 3.2.1.67) along with exo-poly-a-galacturonosidase,
rhamnogalacturonase, and endo-xylogalacturonan hydrolase, are
classified as members of glycoside hydrolase (GH) family GH28
(Markovič and Janaček, 2001; Niture, 2008). The GH28 family
enzymes work in concert with additional glycoside hydrolase
enzymes to catalyze the hydrolysis of pectin, a complex carbohy-
drate structure found in the cell walls and middle lamella of plants
(Niture, 2008). Both endo- and exo-polygalacturonase hydrolyze a-
1,4 linked galacturonic acid residues of the homogalacturonan
chains of the ‘‘smooth” region of pectin with endo-polygalacturon-
ases hydrolyzing within the homogalacturonan chain and exo-
polygalacturonases hydrolyzing D-galacturonic acid from the non-
reducing end of the galacturonan chain with inversion of the ano-
meric configuration (Henrissat and Davies, 1997). Due to the
efficient hydrolysis of the homogalacturonan chains and demon-
strated secretion by pathogenic fungal organisms, polygalacturo-
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tional Cancer Institute (NCI)-
nase (PG) enzymes are implicated in the invasion and maceration
of plant tissues by fungi and as a result are a target for selective
inhibition to prevent destruction of economically important crops
(Stotz et al., 2000; Saito et al., 2004a; Niture, 2008). Despite the de-
sire to inhibit these enzymes in agricultural applications, the effi-
ciency in which these enzymes macerate tissue is exploited
industrially in the clarification of juices and the retting of flax
(Henriksson et al., 1999; Zhang et al., 2005; Niture, 2008).

Numerous PG genes, and the enzymes they encode, have been
isolated and characterized from a number of prokaryotic and
eukaryotic species (Markovič and Janaček, 2001). Most species
have been shown to have a small number of PG genes; however,
some fungal species have been shown to possess a large family
of PG genes with varying biochemical characteristics. The Ascomy-
cete fungal species Aspergillus niger, which has as many as eleven
PG genes (de Vries and Visser, 2001; Pel et al., 2007), Botrytis cine-
rea, which has six PG genes (Kars et al., 2005), and the basidiomy-
cete Chondrostereum purpureum, which has five PG genes (Williams
et al., 2002) are perhaps the most well characterized genetically
and biochemically (Kester and Visser, 1990; Pagès et al., 2000; Par-
enicová et al., 2000a; Parenicová et al., 2000b), with the protein
crystal structure solved for a number of Aspergillus endo-PG en-
zymes (van Santen et al., 1999; Cho et al., 2001; van Pouderoyen
et al., 2003). In contrast to the detailed characterization of the large
family of PG genes found in Ascomycete and Basidiomycete spe-
cies, little information is available on the repertoire of PG genes
in Rhizopus, a member of the order Mucorales within the fungal

mailto:jeffrey.mertens@ars.usda.gov
http://www.sciencedirect.com/science/journal/10871845
http://www.elsevier.com/locate/yfgbi


J.A. Mertens et al. / Fungal Genetics and Biology 45 (2008) 1616–1624 1617
subphylum Mucoromycotina. To date only one PG gene, rpg1, has
been isolated from a Rhizopus species (Yoshida et al., 2004). This
gene, which was isolated from Rhizopus oryzae, was classified as
an exo-PG due to the deduced protein’s sequence similarity to A.
niger exo-PG enzymes (Yoshida et al., 2004). There is also limited
biochemical information on Rhizopus PG’s with a few reports of a
single endo-polygalacturonase enzyme isolated from crude ex-
tracts of other R. oryzae strains (Saito et al., 2004a; Zhang et al.,
2005).

In this work, we report on the characteristics and initial bio-
chemical characterization of 18 PG genes uncovered in a search
of the recently released R. oryzae strain 99–880 genome (http://
www.broad.mit.edu/annotation/genome/rhizopus_oryzae/Multi-
Home.html). Of the 18 polygalacturonase genes identified in this
strain, only one of the genes is nearly identical to the previously
isolated rpg1 gene. Two genes are identical, however the remain-
der, while highly similar, are unique genes in this species. The
cDNAs of the 17 different genes were isolated to confirm the se-
quence, placement of the introns, and used as the template for
expression of the recombinant protein in Pichia pastoris. Initial bio-
chemical characterization of the seventeen recombinantly ex-
pressed proteins demonstrates that fifteen genes code for active
PG enzymes, with twelve found to be endo-PG enzymes and three
found to be exo-PG enzymes.

2. Materials and methods

2.1. Strains and media

Media components and chemicals were obtained from Sigma
Chemical (St. Louis, MO) unless otherwise noted. R. oryzae strain
99–880, deposited in the Genetic Stock Center as FGSC 9543, was
the source of DNA and RNA in obtaining the PG cDNA. Shake flask
cultures of strain 99–880 were grown in 50 ml minimal RZ1 media
(Skory, 2002) and the desired carbon source at 1% (w/v). Cultures
were started by inoculation of approximately 106 spores and then
incubated at 30 �C, 200 RPM. The membrane transfer culture
(MTC) was patterned after the method of Ishida et al. (1998). Briefly,
a 0.45 micron uncharged nylon (Schleicher & Schuell; Keene, NH) fil-
ter was placed on a minimal RZ1 agar plate containing 50% (w/v)
maltose to give the effect of low Aw, or low moisture content, and
the desired carbon source. R. oryzae 99–880 spores were spread onto
the nylon filter and incubated at 30 �C for 48 h. R. oryzae strain pyr17
(Skory, 2002), a ura-strain, was used as the host to obtain cDNA for
genes not obtained directly from strain 99–880. Strain NRRL 395
was obtained from the Agricultural Research Service Culture Collec-
tion (http://nrrl.ncaur.usda.gov). R. oryzae 395 was grown in sub-
merged cultures using the same medium as for strain 99–880 with
glucose as the carbon source. Escherichia coli strain TOP10 (Invitro-
gen; Carlsbad, CA) was used for construction and propagation of
cDNA clones. The wild type Pichia pastoris strain X-33 (Invitrogen;
Carlsbad, CA) was used for protein expression studies.

2.2. Isolation of PG cDNA

The putative PG cDNA’s were isolated from total RNA or via re-
combinant methods. Total RNA was isolated from 50-ml shake
flask cultures of R. oryzae strain 99–880 grown for 24 h, as above,
with either, 0.5% pectin, 0.5% polygalacturonic acid (PGA), 0.5% su-
crose, 0.5% glucose, 0.5% xylose, or 10 mM D-galacturonic acid as
the carbon source. Total RNA was also isolated from MTC plates
containing 0.5% pectin, 0.5% PGA, or 0.5% glucose. Mycelia were
disrupted using glass beads and the total RNA was purified using
the RNeasy Total RNA kit (Qiagen; Valencia, CA) followed by DNase
treatment with the Turbo DNA-free kit (Ambion; Austin, TX) for
30 min. Reverse Transcription (RT) was performed using the Super-
script III First Strand Synthesis System (Invitrogen; Carlsbad, CA)
according to manufacturer’s instruction using 500 ng total RNA
and oligo dT to prime reverse transcription. First strand cDNA
was amplified using Pfu ultra II Fusion HS DNA polymerase (Strat-
agene; LaJolla, CA) with gene specific forward and reverse primers
(Supplementary Table 1). The forward primer was designed to
eliminate the putative signal sequence as predicted by SignalP
3.0 (Bendtsen et al., 2004) with the forward and reverse primers
also containing engineered EcoRI and XbaI sites, respectively. PCR
reactions were performed using the following cycling conditions:
initial denaturing at 94 �C for 2 min; 30 cycles of 94 �C for 20 s,
48 �C for 20 s, and 72 �C for 30 s; and a final extension at 72 �C
for 3 min. Amplified cDNA was cloned into pCR2.1-TOPO and
transformed into Escherichia coli TOP10 according to the manufac-
turer’s protocol (Invitrogen; Carlsbad, CA). Individual clones were
isolated and sequenced to identify the intron positions and confirm
the fidelity of the sequence.

To isolate the cDNA of genes not obtained by reverse transcrip-
tion of total RNA, the full-length putative PG genes were amplified
using Pfu ultra II Fusion HS DNA polymerase (Stratagene; LaJolla,
CA) with R. oryzae 99–880 genomic DNA as the template. Gene spe-
cific forward and reverse primers (Supplementary Table 2) engi-
neered with SphI and NotI restriction sites, respectively, were
used to facilitate cloning into the R. oryzae expression vector pPd-
cAEx-6XHIS; a derivative of pPdcAEx (Mertens et al., 2006) con-
taining a multiple cloning site (MCS) and an enterokinase (EK)
site and 6X His-tag downstream of the MCS. The forward primers
included the native start codons of the PG genes and the reverse
primers are designed so the PG genes are in frame with the EK site
and 6X His-tag of the expression vector. The PCR reactions were
performed using the following cycling conditions: initial denatur-
ing at 94 �C for 2 min; 30 cycles of 94 �C for 20 s, 48 �C for 20 s,
and 72 �C for 30 s; and a final extension at 72 �C for 3 min. The
amplified genomic DNA was cloned into pCR2.1-TOPO and trans-
formed into E. coli TOP10. The individual clones were isolated
and sequenced to confirm the fidelity of the sequence. The genomic
PG clones were then inserted between the SphI and NotI sites of
the pPdcAEx-6XHIS vector and transformed into E. coli. The indi-
vidual clones were isolated and sequenced to confirm the fidelity
of the sequence.

Transformation of the R. oryzae strain pyr 17 was performed as
previously described (Skory, 2002). Approximately 5–17 days after
bombardment, spores were harvested using sterile water and used
to inoculate shake flask cultures. Total RNA was isolated as de-
scribed above from pyr17 mycelia grown in 50-ml shake flask cul-
tures for 24 h at 30 �C and at 200 rpm in RZ1 minimal medium
containing 0.5% glucose. Total RNA was reverse transcribed and
first strand synthesis was performed as described above. The cDNA
was amplified using gene specific forward primers (Supplementary
Table 2) and the reverse primer EKHISinMCSrevshort: 50-TTAATT
AATGATGATGATG-30 to eliminate possible isolation of a similar
cDNA from the pyr17 strain. The cDNA products were cloned into
pCR2.1-TOPO and transformed into E. coli. Three to five individual
clones for each PG construct were sequenced to identify intron
positions and confirm the fidelity of the cDNA sequence.

2.3. Phylogenetic analyses

Phylogenetic analyses of the polypeptide sequences including
all eighteen 99–880 putative PGs and rpg1 (PG from different strain
of R. oryzae) along with several additional gene sequences repre-
senting various species, including three bacterial PG gene se-
quences that were used as outgroup taxa (proteins and GenBank
accession numbers are listed in the legend of Fig. 4). The polypep-
tide sequences were aligned using ClustalX v 2.0 (Thompson et al.,
1997). Phylogenetic analyses were conducted using the neighbor-
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joining (NJ) method implemented in MEGA 4.0 (Tamura et al.,
2007). Gamma-corrected distances were generated using the
Jones-Taylor-Thornton (Jones et al., 1992) model; the alpha param-
eter value that was used (2.731) was estimated using the method
of Gu and Zhang (1997). Reliability of internal branches was as-
sessed using 1000 bootstrap pseudoreplicates. Bayesian phyloge-
netic analysis was conducted using the program Mr.Bayes 3.1
(Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck,
2003). An initial run of 100,000 generations was used to estimate
the fixed-rate amino acid model used for the analysis. The fixed
rate model identified was the Whelan and Goldman (2001)
(WAG) model, which was then used to run subsequent analyses.
A total of 510,000 generations were run with a sample frequency
of 10 and a burn-in of 25%. The analysis was allowed to proceed
until the standard deviation of split frequencies reached 0.002, at
which point the analysis was terminated and the results tabulated.

2.4. Expression of PGs in P. pastoris

The PG cDNA constructs obtained through RT-PCR from total
RNA isolated from strain 99-880 were digested with EcoRI and
XbaI and the resulting fragment was ligated into pPICZaA for se-
creted expression of the putative enzymes in P. pastoris. The cDNA
constructs created by expression in R. oryzae pyr17 were used as
template for PCR using Pfu ultra II Fusion HS DNA polymerase
and the gene specific forward (EcoRI) and reverse (XbaI) primers
(Supplementary Table 1). The resulting product was digested with
EcoRI and XbaI and ligated directly into pPICZaA. After sequencing
to confirm the fidelity of the constructs, the expression constructs
were linearized with PmeI and transformed into P. pastoris strain
X-33 (Invitrogen; Carlsbad, CA) using electroporation according
to the manufacturer’s protocol. Transformants were cultured on
YPDS + Zeocin plates (1% [wt/vol] yeast extract, 2% [wt/vol] pep-
tone, 2% [wt/vol] dextrose, 1 M sorbitol, 100 lg/ml Zeocin) at
30 �C. After 3 days, 10 isolates for each construct were spotted onto
plates containing BMM induction medium (2.8% [wt/vol] yeast
nitrogen base with ammonium sulfate, 100 mM potassium phos-
phate, pH 6.0, 4 � 10–5% biotin, 1% methanol) and 1.5% pectin
and grown between 48 and 96 h for initial activity screening. The
plates were washed with deionized water to remove the cells
and then flooded with a 1% CTAB [wt/vol] solution for 1 h (Hankin
et al., 1971). The plates were rinsed with deionized water and then
stained with a 0.1% ruthenium red [wt/vol] solution for 2 h. Pectin
hydrolysis was detected as halos around the colonies. The most ac-
tive isolates for each construct, as determined by the pectin plate
analysis, were cultured overnight in 3 mls YPD at 30 �C and
225 rpm. The cells were transferred to a 250-ml baffled flask con-
taining 50 mls BMG medium (2.8% [wt/vol] yeast nitrogen base
with ammonium sulfate, 100 mM potassium phosphate, pH 6.0,
4 � 10–5% biotin, 1% glycerol) and grown overnight to increase cell
density. The cells were harvested, washed, and transferred to a baf-
fled flask containing 50 mls BMM induction medium and grown for
48 h (1% MeOH was added after 24 h to maintain induction). The
cell-free supernatants were concentrated using the Amicon Ultra-
15, PLBC Ultracel-PL Membrane with a 3 K kDa cutoff (Millipore;
Billerica, MA) and buffer exchanged with 50 mM sodium acetate,
pH 5.0. The protein content of the concentrated supernatant was
assayed by the method of Bradford (BioRad; Hercules, CA) with bo-
vine serum albumin as the standard. The samples were frozen at
�20 �C until further use.

2.5. Enzyme assays

PG activity of the concentrated cell culture supernatants was per-
formed using the Nelson-Somogyi assay (Somogyi, 1952), with PGA
as the substrate. Briefly, a 500 ll aliquot of the supernatant (48 h
induction media) was mixed with 2.5 ml 0.3% PGA in 75 mM sodium
acetate, pH 5.3, and incubated at 30 �C. At various time points, 500 ll
aliquots of the reaction mixtures were combined with 500 ll of the
copper reagent and immediately boiled for 10 min. The insoluble
reaction components were removed by centrifugation and the
absorbance of the supernatant was read at 500 nm. D-Galacturonic
acid sodium salt was used as the standard. Analysis of the PGA
hydrolysis reaction products was performed using thin layer chro-
matography (TLC). For each time point of the reactions performed
above, a 3 ll aliquot was spotted onto Whatman Partisil HPK TLC
Plates (Silica Gel 60 Å, 10 � 10 cm, 200 lm thick; GE Healthcare;
Piscataway, NJ). The mobile phase consisted of a 5:3:2 mixture of
n-butanol:H20:acetic acid (Lojkowska et al., 1995). The products
were visualized by quickly soaking the plates in a 0.2% orcinol [wt/
vol in methanol] and 10% sulfuric acid solution, followed by a short
heating (Cabanne and Doneche, 2002). Standards consisted of 1 lg
each mono-, di-, and tri-galacturonic acid.

3. Results and discussion

A search of the recently sequenced R. oryzae strain 99–880 gen-
ome database uncovered the presence of eighteen putative PG
genes that we have subsequently identified as rpg1-18. The puta-
tive genes range from �1.2 kb to 1.35 kb in size, with only one of
the putative genes nearly identical to the previously reported
rpg1 gene from R. oryzae strain YM9901 (Yoshida et al., 2004).
Two of the genes, rpg2 and rpg3, are identical and found consecu-
tively on the same chromosome, albeit on opposite strands. Aside
from the identical rpg2 and rpg3 genes, the genes share from 50%
to greater than 90% homology based on Lipman-Pearson methods
(Lipman and Pearson, 1985), with the majority of divergence
occurring in the number and/or length of the predicted introns.
The rpg genes are predicted to contain anywhere from one to three
introns, and all possess a first intron that is found in a nearly iden-
tical position (Table 1). The position of the predicted 2nd and 3rd
introns, when present, follows the same pattern.

The presence of large families of pectinolytic genes in fungal
species is not uncommon. However, the eighteen R. oryzae PG
genes represent an unusually large gene repertoire for a single gen-
ome. For example, the ascomycete fungal species A. niger, has ele-
ven PG genes and the basidiomycete species B. cinerea has six
genes (Pel et al., 2007; Kars et al., 2005). The most notable differ-
ence among the R. oryzae PG genes, much like the A. niger PG genes,
is the number and length of the introns. A number of rpg genes are
also in close proximity. The genes encoding rpg2 through rpg4 are
within a 15 kb region on chromosome 10 and all contain one intron
with rpg2 and rpg3 found consecutively and likely the result of a
recent duplication event (Table 1). Similarly, rpg14–16 are within
a 40 kb region on chromosome 4 with rpg14 and rpg15 found con-
secutively and all three genes containing three introns. In addition,
unlike the other rpg genes, these three genes also demonstrate a
great deal of sequence similarity up to 150 bp upstream of the start
codon (data not shown).

The nucleotide sequence 300 bp upstream of the putative start
codon of the other 15 rpg genes does not demonstrate a high de-
gree of sequence similarity, with perhaps the exception of the loca-
tion of the putative transcription start sites (data not shown). The
TATA box is located at or near �76 bp for all 18 genes. The number
and location of the CAAT motif is highly variable among the genes
in the region upstream of the start codon and they lack promoter
sequence motifs suggested to play a role in transcriptional activa-
tion of Ascomycete and Basidiomycete PG genes (Bussink et al.
1992, deVries and Visser, 2001; Williams et al. 2002). The 30 flank-
ing ends of the 18 PG genes also exhibits low sequence similarity;
however, all possess an AATAAA polyadenylation signal anywhere
from 29 to 187 nt downstream of the stop codon.



Table 1
Rhizopus oryzae 99–880 polygalacturonase genes.

Gene name Locus* number Chromosome* Sequence location* bp (Strand) Introns/location cDNA bp Protein AA mature

rpg1 04731-1 7 1404558–1405758(�) 1152 356

rpg2 15510-1 10 614845–616074(�) 1152 356

rpg3 15511-1 10 618377–619606(+) 1152 356

rpg4 15419-1 10 363664–364867(+) 1152 357

rpg5 15508-1 10 605229–606459(�) 1152 356

rpg6 11297-1 9 542467–543733(+) 1158 360

rpg7 02738-1 2 1335777–1337105(+) 1152 357

rpg8 15015-1 15 579781–581090(+) 1149 356

rpg9 07548-1 5 2058672–2059876(+) 1146 355

rpg10 08338-1 3 888447–889707(�) 1146 355

rpg11 06273-1 4 2103345–2104607(�) 1149 356

rpg12 08126-1 3 390787–392110(+) 1146 355

rpg13 02911-1 2 1786115–1787423(�) 1155 358

rpg14 06020-1 4 1420993–142272(+) 1158 359

rpg15 06012-1 4 1381338–1382658(�) 1158 359

rpg16 06021-1 4 1424035–1425382(+) 1158 359

rpg17 05849-1 4 879817–881228(+) 1131 354

rpg18 08304-1 3 820878–822132(�) 1134 355

* From Rhizopus Genome Database (Rhizopus oryzae Sequencing Project. Broad Institute of Harvard and MIT (http://www.broad.mit.edu)). Locus numbers are prefaced by
RO3G_.
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The 18 putative PG genes encode for proteins that range in size
from 377 to 385 amino acids (Fig. 1), however, the mature peptides
are expected to be smaller. The PG peptides are predicted to have
signal sequences of 23–27 amino acids (Fig. 1; Bendtsen et al.,
2004) resulting in mature peptides of 354–360 amino acids leading
to molecular weights of roughly 38 kD (Table 1). The predicted
peptides all possess the highly conserved amino acids previously
demonstrated to be required for enzymatic activity in previously
isolated fungal PG enzymes (Fig. 1). The putative PG’s contain the
three conserved aspartic acid residues found in the active site of
the enzyme, the consecutive aspartic acid residues D208 and
D209 (RPG1 numbering), along with D187 that is part of the
strictly conserved sequence NTD (Fig. 1). The putative enzymes
also possess the conserved residues, H231, thought to be important
in maintaining the proper ionization state of the active site and
R265, K267, and Y299, residues implicated in substrate binding
(van Santen et al., 1999; Pagès et al., 2000). Crystal structures of
A. niger PG’s have shown the existence of four disulfide bridges
(van Santen et al., 1999; Cho et al., 2001) and this feature appears
to be conserved in the putative R. oryzae PG enzymes as there are
eight conserved cysteine residues in positions comparable to the A.
niger enzymes. In addition, the R. oryzae proteins possess four addi-
tional cysteine residues conserved in all 18 putative enzymes sug-
gesting the possibility of additional disulfide bridges.

3.1. Isolation of R. oryzae PG cDNA

Since rpg1 was the only PG transcript that had been isolated
previously from R. oryzae (Yoshida et al., 2004), we questioned
whether the additional genes were actively transcribed. To gain
some understanding on the expression of the identified R. oryzae
PG genes and isolate a cDNA copy for each gene to enable recom-
binant protein production, RNA was isolated from mycelia of sub-
merged and solid R. oryzae 99-880 cultures grown using multiple
carbon sources. Despite the multiple growth conditions, only 6 of
the 17 cDNA sequences were obtained. The cDNA’s of rpg1, rpg12,
and rpg14 were isolated from cultures with pectin as the carbon
source. Two cDNA’s, rpg15 and rpg16, were isolated in cultures con-
taining D-galacturonic acid, while the rpg 18 cDNA was isolated
using sucrose as the carbon source. The isolated cDNA clones for
the six genes demonstrated the predicted intron number and splice
junctions leading to the predicted cDNA sequence. While the pos-
sibility exists that a number of the identified genes are not tran-
scribed due to divergence in the promoter region, it is also
possible that a number of these genes are expressed at a very
low level and below the limits of detection in our assay. The at-
tempts at direct isolation of the cDNA for each gene cannot be con-
sidered exhaustive even though a number of clones obtained for
each RT-PCR reaction were sequenced due to the high sequence
similarity among the genes. It follows too, that the cDNA’s we were
able to isolate under the stated conditions may also be expressed
in cultures using additional carbon sources.

The three genes expressed when pectin was used as the carbon
source, rpg1, rpg12 and rpg14; as will be discussed in detail below,
encode active endo-PG (rpg1, rpg12) and an exo-PG (rpg14). Con-
sidering the role endo-PG’s and exo-PG’s play in the breakdown
of pectin it is not unexpected that both endo- and exo-PG enzymes
would be expressed simultaneously. The endo-PG’s hydrolyze ran-
domly within the oligogalacturonate chain, while the exo-PG’s
hydrolyze either di- or mono-galacturonic acid from non-reducing
ends allowing for complete hydrolysis of the polygalacturonic acid
polymer (Markovič and Janaček, 2001; Niture, 2008). The simulta-
neous expression of endo- and exo-PG’s appears to be common as
it has been reported that Aspergillus species also express both en-
zyme forms on various substrates including pectin (Kester and Vis-
ser, 1990; deVries and Visser, 2001). Furthermore, endo-PG
enzymes appear to be required for the initial stage of infection in
plants as the exo-PG enzymes tested to date are unable to macer-
ate plant tissue independently and appear to be more important to
the latter stages of pectin hydrolysis (Abbott and Boraston, 2007).
It is perhaps somewhat unexpected that only rpg15 and rpg16,
both exo-PG’s (discussed below) were expressed when galact-
uronic acid was the carbon source as it has been suggested that
galacturonic acid acts as a general inducer of pectinolytic genes

http://www.broad.mit.edu
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Fig. 1. Alignment of R. oryzae RA99–880 deduced PG amino acid sequences RPG1-RPG18. The outlined residues denote conserved regions of family 28 polygalacturonase
family members. The asterisks highlight residues required for enzymatic activity. The + symbol above the highlighted amino acids indicates the first amino acid of the
expected mature peptide. The ^ symbol highlights the conserved cysteine residues with lines between cysteine residues depicting potential disulfide bridges that are found in
similar region of A. niger Endo II polygalacturonase enzyme crystal structure (van Santen et al., 1999).
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in A. niger (deVries and Visser, 2001). This point, along with the
lack of discernable transcriptional activator elements in the pro-
moter region, suggests that there are some differences in the reg-
ulation of the Rhizopus PG genes in comparison to the Aspergillus
genes. It is possible that the exo-PG’s, rpg15 and rpg16, are acti-
vated only after the initial stages of a fungal infection when galact-
uronic acid would be present and function to rapidly hydrolyze
remaining oligogalacturonates to mono- and digalacturonates for
full utilization of the pectic substrate. This possibility also fits with
the suggestion that the large repertoire of PG genes is required to
increase efficiency of degradation and to obtain nutrients at differ-
ent phases of the life cycle (Williams et al., 2002), however; work
beyond what is presented here is required to fully develop this
possibility.

Although we could not isolate the cDNA for each gene directly
using multiple carbon sources, we were able to obtain the remain-
ing cDNA clones by recombinant methods. A genomic clone of the
remaining genes was obtained via PCR and confirmed by sequenc-
ing. The rpg genes were then placed into recombinant expression
vector pPdcAEx-6XHIS and subsequently transformed into R. ory-
zae strain pyr17 for expression (Mertens et al., 2006). Total RNA
was isolated and the cDNA for the remaining PG genes isolated
via RT-PCR using a gene specific 50 primer and a 30 primer specific
to the 6XHis region of the vector to ensure that cDNA’s obtained
were from the recombinant construct and not the pyr17 strain used
for expression. The 11 remaining cDNA’s were obtained by this
method and exhibited the predicted intron number and the ex-
pected splice junctions for each gene (Table 1 and data not shown).
Fig. 2. Thin layer chromatography separation of hydrolysis products after a 60 min
hydrolysis reaction containing PGA and P. pastoris-expressed R. oryzae PG extracts
(4 lg total protein) as detailed in Section 2. Lanes 9, 18, and 24: Standards; DP1,
mono-galacturonic acid; DP2, di-galacturonic acid; DP3 tri-galacturonic acid. Lane
1: RPG1; Lane 2: RPG2; Lane 3: RPG4; Lane 4: RPG5; Lane 5: RPG6, Lane 6: RPG7;
Lane 7: RPG8; Lane 8: RPG9. Lanes 10–17: RPG10-RPG17; Lane 19: RPG1; Lane 20:
RPG18; Lane 21: Pichia X-33 empty pPICZaA vector; Lane 22: Pichia X-33 no vector;
Lane 23: Buffer blank, no enzyme.
In addition, it should be pointed out that there are two distinct
‘‘types” of R. oryzae strains denoted Type I, in the case of lactic acid-
producing strains, and Type II, in the case of fumaric acid-produc-
ing strains. There are clear genetic differences between the two dif-
ferent strain types (Abe et al., 2003; Saito et al., 2004b). Yet, the
presence of eighteen PG genes apparently predates their diver-
gence, as we were able to confirm that all eighteen genes present
in R. oryzae 99–880 (a Type II strain) were also present in R. oryzae
NRRL 395 (a Type I strain). While transcription of the 18 rpg genes
is not entirely clear at this time, work to gain additional insight
into the expression of these genes is required.

3.2. Expression of the putative PG enzymes in P. pastoris

Due to the inordinately high number of PG genes detected, the
high sequence similarity, and since transcripts for all eighteen rpg
transcripts could not be detected under the growth conditions
used, the putative PG genes were expressed in P. pastoris to deter-
mine if the genes do in fact code for active PG enzymes. The seven-
teen rpg cDNA’s with the putative signal sequence deleted were
placed in frame with the a-mating signal of P. pastoris vector pPIC-
Za-A for secreted expression (expressed 17 of 18 since rpg2 and
rpg3 are identical). All seventeen of the expressed genes produced
the desired gene product (data not shown) and fifteen of the sev-
enteen expressed proteins demonstrated measurable activity, with
no detectable activity arising from the X-33 Pichia strain or Pichia
X-33 transformed with an empty vector. Hydrolysis reactions, with
60 min and 24 h time points, were performed using concentrated
culture supernatants and PGA as the substrate followed by separa-
tion of the products on thin layer chromotography plates (Fig. 2).
The 60 min hydrolysis reactions show that RPG1-13 can be classi-
fied as endo-PGs since multiple products ranging from mono-
galacturonic acid (DP1) to hexa-galacturonic acid (DP6) could be
Fig. 3. Thin layer chromatography separation of hydrolysis products after a 60 min
hydrolysis reaction containing either (A) di-galacturonic acid (DP2) or (B) tri-
galacturonic acid (DP3) and Pichia-expressed Rhizopus polygalacturonase extracts
(4 lg total protein) as detailed in Section 2. Samples loaded in identical manner in
(A and B). Lane 1: RPG14; Lane 2: RPG15; Lane 3: RPG16; Lane 4: RPG17; Lane 5:
Standards—DP1, DP2, and DP3.
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detected (Fig. 2 lanes 1-8 and 10-13). In addition, carrying out the
reaction to completion resulted in the expected reaction products
mono- and di-galacturonic acid; however the RPG1-13 enzymes
do not demonstrate activity towards di-galacturonic acid (data
not shown). RPG13 demonstrates a different product profile from
RPG1-RPG12 in that it has a strong product preference for DP3
with a small amount of DP2 present (Fig. 2, lane 13). RPG7 also
demonstrates a slightly different product profile and gives the
appearance (Fig. 2, lane 6) of an exo-PG since the weak DP3 band
on the TLC plate is not visible in the figure, however, the enzyme
does not hydrolyze di-galacturonic acid as would be expected for
an exo-PG and hydrolysis of tri-galacturonic acid leads to di- and
mono-galacturonic acid products.

The RPG14, 15, and 16 enzymes are exo-PGs as D-galacturonic
acid is the main product with RPG14 also having di-galacturonic
acid as a minor product (Fig. 2, lanes 14–16). All three were able
to cleave di-galacturonic acid, a hallmark of exo-PG’s, but RPG14
Fig. 4. Phylogeny of the PG multigene family. Three bacterial PGs were included as outg
similar in topology, only the Bayesian tree is shown here. Numbers along branches repres
(after the slash mark). Only values greater than 50% are shown. The numbers of amino
accession numbers for the amino acid sequences are as follows: A. niger PGI (Bussink et al
2000a; Y18804 and Y18805), PGD (Parenicová et al., 2000b; Y18806); A. tubingensis PGAX
and U68722), PGX (AF145229); C. purpureum EPGA, EPGB1, EPGB2, EPGC, and EPGD (W
Cochliobolus carbonum PGX1 (Scott-Craig et al., 1998; L48982); Erwinia carotovora PEHA
1990; M33692) and PEHB (Huang and Allen, 1997; U60106); and R. oryzae YM990
(http://www.broad.mit.edu/annotation/genome/rhizopus_oryzae/MultiHome.html) and
bl1.home.html) were extracted from the complete genome databases of those species. Th
are a searchable term in the genome database. In the tree, we dubbed the latter group
asterisk failed to yield a result in the expression analyses; however, because the phyloge
probabilities and NJ bootstrap values, we consider them to be a part of the endo-PG ph
does not appear nearly as efficient as RPG 15 and 16 (Fig. 3A, lanes
1–3). When DP3 is used as the substrate, D-galacturonic acid is
again the only product detected in RPG15 and RPG16 reactions;
however, hydrolysis by RPG14 resulted in both di- and mono-
galacturonic acid as products (Fig. 3B; lanes 1-3).

The final two rpg genes, rpg17 and rpg18, encode proteins that do
not lead to any detectable PGA hydrolysis products (Figs. 2 and 3),
despite the presence of the conserved amino acids required for catal-
ysis (Fig. 1). Viscosity assays, as well as assays using pectin with
varying degrees of methyl esterification and rhamnogalacturonan,
also failed to demonstrate any activity by the two putative enzymes
(data not shown). There are some minor sequence differences spe-
cific to these two proteins, relative to the other RPG enzymes, near
the conserved tyrosine residue Y299 (RPG1 numbering). RPG17
and RPG18 have a phenylalanine residue directly after Y299 and a
deletion a few residues beyond the additional phenylalanine residue
(Fig. 1). Whether these subtle changes impact substrate binding,
roup taxa in order to root the tree. Because both NJ and Bayesian trees were highly
ent Bayesian posterior probabilities (before the slash mark) and NJ bootstrap values
acid substitutions per site are given to scale. The publication sources and GenBank
., 1991; X58892), PGII (Bussink et al., 1990; X58893), PGA and PGB (Parenicová et al.,
(Kester et al., 1996; X99795); B. cinerea PG3 and PG6 (Wubben et al., 1999; U68717
illiams et al., 2002; AF237653, AF237654, AF348967, AF237655, and AF237656);

(Saarilahti et al., 1990; X51701); Pseudomonas solanacearum PGA (Huang and Schell,
21 rpg1 (Yoshida et al., 2004; AB127052). The remaining R. oryzae sequences
the Phycomyces blakesleeanus sequences (http://genome.jgi-psf.org/Phybl1/Phy-

e Phycomyces sequences are identified by their respective protein ID numbers which
as ‘‘Unknown” because their function has not been assayed. Strains denoted by an
netic placement of these genes with other endo-PGs is supported by high posterior

ylogenetic cluster and leave them named as such.

http://www.broad.mit.edu/annotation/genome/rhizopus_oryzae/MultiHome.html
http://genome.jgi-psf.org/Phybl1/Phybl1.home.html
http://genome.jgi-psf.org/Phybl1/Phybl1.home.html
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since Y299 has been implicated in substrate binding (van Santen
et al., 1999; Pagès et al., 2000), or impact the subsite structure is un-
clear. Interestingly and despite the apparent inactivity, rpg18 is ac-
tively transcribed in the presence of sucrose; however, expression
of a seemingly inactive protein is not unprecedented in R. oryzae.
The amyB gene of R. oryzae NRRL 395 was shown to be expressed un-
der a number of different culture conditions, yet also failed to dem-
onstrate any activity (Mertens and Skory, 2007). Clearly, additional
work will be required before concluding that rpg17 and rpg18 are
definitively pseudogenes.

3.3. Phylogeny of the PG multigene family

Prior to the sequencing of the R. oryzae genome, only a single PG
gene (rpg1) had been identified from R. oryzae. In this study, we
identified an additional seventeen putative genes, of which fifteen
were found to be functionally active. No other species of fungus
has been shown to possess such a large number of PG genes, sug-
gesting that R. oryzae genes may have arisen subsequent to their
divergence from other fungi. To test this hypothesis, we recon-
structed the phylogenetic relationships of the PG multigene family
using genes from the representative species of Mucoromycotina (R.
oryzae and Phycomyces blakesleeanus), Basidiomycota (C. purpure-
um), and Ascomycota (A. niger, A. tubingensis, B. cinerea, and Coch-
liobolus carbonum) included in this study. The results of our
analyses (Fig. 4) show that mucormycotine genes form their own
distinct clade, consisting of a subclade of R. oryzae endo- and
exo-PG genes and a subclade of P. blakesleeanus genes whose func-
tion has not been assayed, but are clearly homologous to other fun-
gal PG genes included in this study. This result confirms our initial
hypothesis that mucoromycotine PG genes arose subsequent to
this lineage’s divergence from the ascomycete and basidiomycete
genes. Otherwise, we would have observed instances of muco-
rmycotine genes interspersed with ascomycete and basidiomycete
genes. Similarly, the basidiomycete PG genes (all of which were
endo-PGs) formed their own separate cluster, indicating that those
genes arose after basidiomycetes diverged from ascomycetes.
Interestingly, however, the ascomycete genes formed two distinct
clusters: an exo-PG gene clade that clustered with mucoromyco-
tine PG genes and an endo-PG gene clade that clustered with basid-
iomycete endo-PG genes. These relationships were supported with
high bootstrap and Bayesian posterior probability values (Fig. 4).
Furthermore, our results also suggest that the rate of PG gene turn-
over is elevated. Gene turnover refers to the rate at which new
genes arise via gene duplication and are lost as a result of deletion
or pseudogenization and deterioration (Rooney and Ward 2005).
The tree in Fig. 4 shows that Rhizopus genes are distinct from the
Phycomyces genes, indicating that these subclades arose after Rhi-
zopus and Phycomyces diverged from one another. It would be
interesting to investigate just how fast the rate of PG gene turnover
is by examining the phylogenetic relationships of a group of PG
genes from closely related sibling species.

In light of the above clustering patterns, one wonders if the
ancestral fungal PG was an exo-PG or an endo-PG. We believe that
it was an endo-PG and that exo-PG activity evolved at a later time
and at least twice independently: once in the mucoromycotines
and once in the ascomycetes. We base this reasoning on the follow-
ing. First, we observed a functional ‘‘grade” of exo-PG activity in
the exo-PG clade. Specifically, gene rpg13 (which clusters at the
base of the clade) displays moderate endo-PG activity and an
apparent product preference for DP3, unlike rpg1-12 that demon-
strates multiple hydrolysis products, but does not show any activ-
ity towards di-galacturonic acid (Fig. 2). Next, gene rpg14 (the next
gene to diverge) displays exo-PG activity, however; it has weak
activity towards di-galacturonic acid. Finally, genes rpg15 and 16
(which are the most highly derived members of the clade) displays
strong exo-PG activity as demonstrated by the ability to hydrolyze
di-galacturonic acid with mono-galacturonic acid as the sole prod-
uct of galacturonic acid hydrolysis (Figs. 2 and 3). This pattern is
consistent with a scenario in which an ancestral mucoromycotine
endo-PG gene duplicated and one of the duplicates underwent
three further duplications to form the exo-PG clade, in which
exo-PG activity evolved. The other duplicate underwent a series
of further gene duplication events (at least 17) but endo-PG activ-
ity was retained in all cases. Similarly, in the first gene duplication
event at the base of the fungal PG gene phylogeny, endo-PG activ-
ity was retained; later a second duplication event giving rise to the
mucoromycotine PGs and the ascomycete exo-PG clade, led to exo-
PG activity evolving independently in the latter subsequent to their
divergence from the mucoromycotines.

Of course, our above interpretations concerning the evolution of
exo-PG activity from an endo-PG ancestor depend on the underly-
ing assumption that the species chosen are truly representative. A
number of putative Ascomycete and Basidiomycete polygalacturo-
nase sequences related to the ones included in our analyses are
available from various fungal genome sequencing projects, but
have not been biochemically characterized to determine function.
As a result, we chose not to include these putative genes in our
phylogenetic study. Future work should also focus on the charac-
terization of PG genes from other fungal lineages not included here,
such as the Glomeromycetes, Blastocladiomycetes, Chytridiomyce-
tes, and Microsporidia. Examination of the PGs from these taxa
may shed additional light on the evolution of the PG multigene
family at even deeper levels of divergence.
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